In a nutshell:
• Beneficial soil microbes have the potential to replace highinput agricultural practices • "Living" fertilizers may reduce drought, herbivory, pathogens, toxicity, and low nutrients levels • Despite their benefits, microbes currently only play a small role in agriculture, due in part to their novelty and to our inability to associate functioning with a taxonomic group • Efforts must focus on understanding the basic biology of these microbes before they can be used in a predictable, useful way otic with the roots of many plants (Smith and Read 1997) . As a group, they may have the single largest effect on plant performance of any rhizosphere-associated microbe, functioning as an extension of the root system of the plant and increasing absorptive area (Leake et al. 2004 ; Figure 1 ). Furthermore, connections among conspecific hyphae mean that a single plant is joined in a network with many other mycorrhizal plants; not only are more resources available to the plant, but there is evidence that they are shared within the mycelial network (Simard and Durall 2004; Figure 2 ). For many years, it was believed that AMF functioned primarily to improve phosphorous (P)-nutrition of plants by transporting unavailable P to the roots to the plant in exchange for photosynthate (Smith and Read 1997) . However, benefits of arbuscular mycorrhizal association are more involved than simply phosphorus transfer. Ten years ago, Newsham et al. first articulated the multiple functions for AMF, and new functions are still being discovered today (Table 1) .
Perhaps the most important function of AMF is their contribution to overall community and ecosystem functioning. AMF can directly influence the composition and biodiversity of plant communities (van der Heijden et al. 1998) and may also be involved in the successional sequence of aboveground communities . Specificity between fungi and their hosts, and differential effects (of AMF on hosts and also hosts on AMF performance) contribute to changes in vegetation dynamics, both on the landscape and at the microsite scale (Hart et al. 2003) . A plant that is associated with a diverse community of AMF may have a sort of "insurance" against fluctuating conditions that a non-AMF plant, or one that is poorly colonized, do not.
AMF and agrosystems
How does AMF functioning apply to sustainable agriculture? Most crops, excluding Brassicaceous crops, are highly mycorrhizalor they were, as the effect of selective breeding on mycorrhizal response in unclear (Hamel 1996) . That is, they benefit greatly from AMF inoculation. Secondly, agricultural lands are natural mycorrhizal systems, with high diversity of AMF (up to 40 species per site; Vandenkoornhuyse et al. 2002) . However, modern agriculture has changed that. Intensive fertilization, tilling, and pesticide use have rendered most agricultural land almost devoid of AMF diversity (Helgason et al. 1998; Oehl et al. 2003) . Reintroducing AMF into agrosystems may improve nutrient use efficiency, water use efficiency, and tolerance to pathogens and herbivores.
Current use of AMF
The idea of using AMF as a "biofertilzer" is not new. In fact, AMF inoculum has been produced for use in agriculture, horticulture, landscape restoration, and site remediation for almost two decades (Hamel 1996) . In the early 1990s, researchers described multiple ways in which AMF management would be useful for sustainable systems, including agrosystems and restoration (Bethlenfalvay and Linderman 1992; Pfleger and Linderman 1994) . In a longterm study comparing organic and conventional agriculture, Maeder et al. (2002) found that AMF were stimulated in organic treatments, which was correlated to enhanced system health (faunal diversity, soil stability, and microbial activity) and to increased crop efficiency. Despite these findings, the practical application of AMF has failed to penetrate mainstream markets, and while most farmers are familiar with Rhizobium spp, AMF are relatively unknown.
There are many reasons for the obscurity of AMF in practical applications, which can be summarized in two general categories: production limitations and knowledge gaps.
AMF are difficult to produce. They are obligate symbionts, growing only in association with a host plant. Current production systems therefore rely on soil-based systems (plots or pots), which are not sterile and are often contaminated with other AMF, and other microbes, including (Figure 3 ), involve the use of a plant which has been genetically modified with Agrobacterium sp to grow without leaves or a shoot in sterile media. These are much cleaner, but have a limited production capacity (DeClerk et al. 2005) .
While production clearly limits current use of AMF, it is likely that this is only temporary and that solutions for large-scale production await discovery and development.
Technical difficulties notwithstanding, the most important reason AMF have not been incorporated into mainstream agriculture is simply because there is not enough information about them. Which species and isolates should be used? What crops, soils, and climates are compatible? How much should be applied? How often? How can establishment be verified? Ultimately, using a commercial inoculum is a gamble; one may or may not see results, and it will be difficult to prove that a particular effect is the result of inoculation.
Clearly, there remains much to be done before AMF can be widely adopted in agrosystems. However, the first and perhaps most attainable goal to facilitate the practical application of AMF should be to understand AMF function. It has been clearly demonstrated that AMF species have different tolerances to freezing and drought (Klironomos et al. 2001) , nutrient status of the soil (Landis et al. 2004) , soil disturbance (Jansa et al. 2002) , and other conditions. Furthermore, AMF are highly specific in terms of host performance (Helgason et al. 2002; van der Heijden 2002) . It is therefore illogical to think that a single isolate, or a "cocktail" of unnaturally occurring isolates, will increase crop yield in all situations. For AMF to be used effectively, we must (1) associate fungal taxa with ecological functions; (2) determine compatible crop x AMF combinations; and (3) determine appropriate soil/environmental conditions for each crop/AMF combination.
New approaches to an old problem
There has been a recent renaissance in studies examining AMF functioning. This rebirth developed because of a timely confluence of three factors which may expedite the practical use of AMF.
Ubiquitous generalists?
In the 1990s, there was a change in the perception of AMF, which lead to the current resurgence in both molecular and phenotypic functional studies. It is difficult to ascribe this change to any particular study or event.
Rather, evidence accumulated throughout the 1990s that AMF were not simply "ubiquitous, generalist symbionts". Instead, they were shown to have distinct, dynamic communities with far-reaching effects on everything from plant diversity (van der Table 1 . The multifunctional nature of AMF Nutrient uptake: AMF mycelia have been shown to increase uptake of many nutrients including P, N, S, B, Cu, K, Zn, Ca, Mg, Na, Mn, Fe, Al, and Si, along with trace elements (Clark and Zeto 2000) . In some cases, AMF may be responsible for acquiring 100% of host nutrients ((eg P; Smith et al. 2004 ).
Mineralization of organic nutrients:
Recently, AMF have been shown to acquire N (Hodge et al. 2001) and P (Tarafdar and Marschener 1994) directly from decomposing sources, which was thought only to occur in saprobic fungi.
Drought resistance: AMF have long been implicated in improved host water relations by influencing everything from stomatal conductance, hydraulic conductance, and leaf and root hydration (Auge 2001 ).
Seedling establishment: The role of mycelial networks is thought to equalize resource allocation among neighboring plants, and a potential benefit may be that AMseedlings have access to more resources through the common mycelial network than do non-AM plants during the crucial establishment phase (van der Heijden et al. 2004 ).
Pathogen resistance: While AMF have yet to be developed for biological control, they appear to reduce disease symptoms for some plant diseases such as root rot, wilt, yellowing disease, and damping off (Whipps 2004 ).
Increased herbivore tolerance: While AMF plants may be more appealing to herbivores, they have shown to increase tolerance to herbivory through increased compensatory response (Kula et al. 2005) .
Increased pollination: AMF plants may also be more attractive to pollinators, due to their altered architecture and improved nutrient status (Wolfe et al. 2005) .
Heavy metal tolerance: AMF have shown to have differential sensitivities to soil metal toxicity, and may buffer hosts from toxic exposure, either through sequestration in the mycelium or by metabolizing it (Gaur and Adholyea 2004).
Increased soil stability: AMF greatly increases soil stability and weathering, possibly due to exudation of putative AMF protein glomalin, which is found in very high levels in AM soils (Rillig 2004) . Heijden et al. 1998 )and coexistence (Moora et al. 2004) to invasion (Klironomos 2002) . Thus, they moved from the realm of "plant symbionts" to a discipline in their own right.
Molecular developments
In the past 5 years, the use of molecular tools for studying AMF has escalated. What began as a small number of laboratories around the world currently now has almost every AM research group developing some molecular approach. Since 1990, more than 55% of citations with "AMF" and "molecular" as subjects occurred after 2001 (M Hart unpublished).
Knowing how functional variation in AMF is arranged is essential for designing molecular tools and appropriate experiments. Currently, even the most basic ideas about the genetic make-up of AMF are unresolved. Is the observed genetic variation contained at the level of the chromosome, nucleus, spore, or individual (see Sanders 2002 Sanders , 2004 ? For example, some findings suggest that AM fungi are haploid, and that variation occurs between nuclei (ie heterokaryosis; Hijri and Sanders 2004) , while others have found AMF spores to be homokaryotic (Stukenback and Rosendahl 2005) with variation maintained through hyphal fusion and mixing of nuclei (Pawlowska and Taylor 2004) .
Another important development in AMF molecular biology has been the use of genes other than rDNA genes. There have been few studies looking at functional genes (Sanders 2004) . Further research needs to be carried out, looking not only at additional genes but at gene transcripts as well, particularly if understanding functional diversity is a goal. This work should be facilitated by the genome sequencing of Glomus intraradices, which is expected to be completed in 2005.
Multiple isolates
Recent studies investigating AMF functional biology have examined different isolates (Hart and Reader 2001; Koch et al. 2004; Munkvold et al. 2004 ). This approach is crucial for discerning the extent to which genetic variation determines functional variation. For many years, AMF studies were performed with few isolates, giving a limited view of AMF activities. Alternatively, studies were performed with bulk field samples, where there was no attempt to qualify the composition of the fungal community. Since AMF were considered to be generalists in terms of both host specificity and functioning, this posed no great problem. Considerable evidence to the contrary has accumulated over the past 10 years, showing AMF to have strong host preferences (Vandenkoornhuyse et al. 2003) with divergent functions (Table 1) . As a result, studies have moved away from looking at undefined or single species AMF treatments. This shift was facilitated by: (1) more isolates being made available through international culture collections such as International Collection of Vesicular Arbuscular Mycorrhizal Fungi (INVAM, USA), La Banque Europeanne des Glomales (BEG, UK), and Glomales In Vitro Collection (GINCO, Belgium); and (2) the development of molecular tools which allowed identification to be carried out in the field.
Three examples
Three studies in particular stand out for having examined AMF functional diversity studying multiple isolates and molecular developments as described above. This work is the basis for a more complete model of AMF functional diversity.
Inter-and intraspecies variation
Hart and Reader (2001) studied 15 AMF species (21 isolates) from three families in order to infer basic morphological functioning from existing taxonomy. They observed differences at the family level for rate of colonization, size of root, and external mycelium. Looking at only these factors, AMF family could be used as a predictor for colonization rate and extent. For host plant response, the trends were not consistent. Looking at host response to AMF species, the authors showed extreme variation even within isolates of a similar species of AMF (Hart and Reader 2002;  Figure 4) . Munkvold et al. (2004) addressed variation within species by looking at P nutrition in multiple isolates of four AMF species. Like Hart and Reader (2001) , they found extreme variation among isolates. However, the authors concluded that it was not possible to generalize function from taxonomic identity of AMF. They found that while P uptake per unit hyphae was consistent within species, host growth response and hyphal growth in soil were variable (up to 70% of total variation for both responses).
What is interesting about the above studies is that certain functional traits do not differ among isolates. In Munkvold et al. (2004) , uptake per unit length was consistent among isolates, while in Hart and Reader (2001) colonization levels were consistent among isolates. Host response, however, varied in both studies. There may be conserved, functional diversity at a taxonomically useful level (ie species), but it is too early to determine this.
Linking genetic and phenotypic variation
Finally, Koch et al. (2004) have performed what is, to date, perhaps the most comprehensive study of functional diversity among AMF isolates, measuring both genetic and phenotypic diversity. They isolated 16 spores of Glomus intraradices from a Swiss field, and propagated them in a constant environment on transformed root cultures of carrot root. As a result, differences in phenotype reflected genetic, not environmental effects. They found variation among isolates in terms of hyphal growth and sporulation; up to a fivefold difference in hyphal growth was detected between isolates. Finally, they showed that genetic differences were not randomly distributed throughout the mycelium, but rather were aggregated, allowing for functional differentiation within a single mycelium. Regardless of the arrangement of this variation ( Figure 5 ), genetic differences seems to have a spatial component within the mycelium. In the future, a similar comparison of multiple species would reveal whether observed variation in the G intraradices isolate is typical across species, or other isolates of the same species, or if different taxa show different levels of variation.
Taken together, these studies show that traditional plant or even fungus models for genetic and functional variation do not apply to AMF. In fact, they demonstrate that it is not yet possible to draw generalizations for AMF function based on existing definitions of taxonomy. Not only do AMF possess genetically different nuclei, but these nuclei may aggregate, leading to genetic drift within an individual. When one also considers the potential for connections between isolates or similar species, the situation becomes more complex.
Conclusion

Can we predict function from taxonomy?
Practical application of AMF is unlikely until the immense amount of functional variation can be described and classified. If the high genetic variation of AMF makes functions unpredictable, then it is unlikely that AMF can ever be used effectively. Studies focusing on functional genes and their expression should clarify how much of observed genetic variation is actually functional, and how both host and surrounding environment contribute to this gene expression.
How do we monitor AMF introductions?
If it is possible to make generalizations from AMF taxa on functions, then a different set of challenges need to be addressed. One of the drawbacks of the current use of AMF is that it is not possible to determine if the fungi colonize and persist following inoculation. Existing molecular approaches are limited in detecting AMF in the environment because of their genetic variability. A probe may fail to detect a sequence because it is too specific, or might detect non-target sequences because of the shared sequence types among taxa ( Figure 5 ). Developing tools Redrawn from data published in Hart and Reader (2002) . While the ancestors of these crops were highly mycorrhizal, it is unclear how selective breeding and genetic modification of current isolines have affected mycorrhizal status. Heavy selection in nutrient-rich, intensively managed fields may have reduced the ability of these crops to form mycorrhizas. to track fungi in the environment will be critical for determining the efficacy of AMF inoculation.
Beyond simply determining whether or not a fungus establishes in an environment, field detection of specific isolates will clarify some basic, currently unknown, aspects of AMF ecology. What happens when novel species are introduced into an environment? Can released AMF colonize established communities? Can they displace existing fungi? Do they persist long term, or is re-inoculation necessary? What cropping practices influence establishment and persistence of the mycelium? To that end, is introduction of AMF even necessary, or is a change in management practices sufficient to foster the growth of indigenous AMF?
Are we ready to incorporate AMF into cropping systems?
It is tempting to postpone the use of AMF as a tool until some of these unknowns are resolved. However, this is a moot point as AMF is only commercially produced and applied by a limited number of agriculturalists. Is this application beneficial?
The current, indiscriminant application of AMF in agriculture and restoration may be useful. There is evidence that increased AMF diversity is beneficial in terms of ecosystem functioning (van der Heijden et al. 1998) . Since agrosystems are so species-poor in terms of AMF, something may be better than nothing. Using this approach, however, it is difficult to identify benefits associated with AMF inoculation. As a result, AMF will probably remain underutilized.
At worst, indiscriminant application of AMF isolates may introduce non-mutualist symbionts into a system. There is evidence that agricultural systems select for less mutualistic AMF that provide fewer benefits for their hosts and act primarily as a carbon drain (Johnson et al. 1991) . Recent research demonstrates that certain plant-AMF combinations can inhibit growth in the host plant, and lead to displacement of the host and, ultimately, its associated fungi (see Jones and Smith 2004) . This effect could be harmful if certain AMF isolates are invasive and displace native AMF in soils adjacent to agricultural fields.
Instead of using individual isolates, a solution may be to look to natural systems for effective AMF communities. For example, AMF taken from an arid system will have evolved tolerance to water stress. Taken as a community, there may be less risk that an individual species would fail to establish or proliferate invasively. Furthermore, this community would possess a large reservoir of variation in order to adapt to different or changing conditions and thus may be more resilient. Unfortunately, grassland ecosystems, or those whose communities would provide the best fit for agricultural systems, have largely been destroyed. It may therefore be difficult to find natural and intact AMF communities for every system.
The successful management of the mycorrhizosphere, which includes the animal and microbe communities that associate with AMF, will almost certainly create healthier, more resilient agrosystems. However, AMF will only be part of the solution. Currently, we are limited primarily by lack of knowledge. In the future, however, the biggest obstacle may be for society to adopt alternative approaches to agriculture, which may or may not match current yields. (Sanders 2004) . 
